We present the catalog of 2580 eclipsing binary stars detected in 4.6 square degree area of the central parts of the Large Magellanic Cloud. The photometric data were collected during the second phase of the OGLE microlensing search from 1997 to 2000. The eclipsing objects were selected with the automatic search algorithm based on an artificial neural network. Basic statistics of eclipsing stars are presented. Also, the list of 36 candidates of detached eclipsing binaries for spectroscopic study and for precise LMC distance determination is provided. The full catalog is accessible from the OGLE Internet archive.
Introduction
Eclipsing binary stars are among the most important sources of information on stellar parameters like radii, masses, luminosities, etc. They also seem to be very promising candidates for standard candles. They should allow to determine distances within the Local Group with accuracy of a few percent (Paczyński 1997) . The method of distance determination to eclipsing systems is almost hundred years old and its main advantage is that it is largely geometric, i.e., free from possible population effects which affect other standard candles. With accurate photometry and spectroscopy, absolute dimensions of both components can be precisely derived and, with accurately determined temperatures, emitted fluxes can be calculated. When compared with the flux observed from the Earth it should give precise distance to the binary.
Eclipsing binary stars are very common in the Universe, but their detection may be quite difficult, because very good sampling of the light curve is necessary to detect eclipses. Large photometric databases collected during microlensing surveys provide ideal observational material for search for eclipsing objects. Hundreds of observations of millions of stars make detection of eclipsing objects relatively easy and efficient. For example, large samples of eclipsing binary stars were already found in the Large Magellanic Cloud (Grison et al. 1995 , Alcock et al. 1997 , Small Magellanic Cloud (Udalski et al. 1998a) or Galactic bulge (Udalski et al. 1997a) .
Determination of accurate distances is one of the most important goals of the modern astrophysics, in particular, the distance to the LMC as the extragalactic distance scale is based on the LMC distance. In the long lasting dispute on the LMC distance, large sample of eclipsing binary stars can potentially solve this problem. To date several applications of eclipsing binaries for distance determination to the LMC were presented: HV982 , EROS1044 (Ribas et al. 2002 . However single stars determination can be affected by all kind of systematic errors (e.g., HV2274: Guinan et al. 1998 , Udalski et al. 1998b , Nelson et al. 2000 , Groenewegen and Salaris 2001 . Large and consistent sample of eclipsing stars is necessary for obtaining reliable distances to objects, as it was shown in Harries et al. (2003) , based on OGLE-II catalog of about 1400 eclipsing binaries in the SMC (Udalski et al. 1998a) .
The main aim of this paper is to provide a list and photometry of eclipsing binary stars detected in the Large Magellanic Cloud during the OGLE-II survey (Udalski, Kubiak and Szymański 1997b) . The catalog contains 2580 objects found in the Difference Image Analysis Catalog of variable stars in the LMC (Żebruń et al. 2001b) .
The detected eclipsing binaries were divided into three classical types of eclipsing variables: EA (Algol type), EB (β Lyr type) and EW (W UMa type). The sample is reasonably complete, allowing statistical analysis and should provide a good material for testing theory of evolution of binary system as well as studying the LMC evolution, star formation etc. From detached systems, i.e., EA class of eclipsing binaries, we additionally selected 36 objects -the best candidates for distance determination to the LMC. We also describe automated algorithm based on artificial neural network developed for eclipsing star search which can be applied in the future for other large scale variable stars' classifications.
Observational Data
All photometric data presented in the catalog of eclipsing stars were collected with the 1.3-m Warsaw telescope at the Las Campanas Observatory, Chile, which is operated by the Carnegie Institution of Washington, during the second phase of the OGLE experiment. The telescope was equipped with the "first generation" camera with the SITe 2048x2048 CCD detector working in driftscan mode. The pixel size was 24µm giving the scale of 0.417 arcsec/pixel.
Observations of the LMC were performed in the "slow" reading mode of the CCD detector with the gain 3.8e − /ADU and readout noise of about 5.4 e − . Details of the instrumentation setup can be found in Udalski, Kubiak and Szymański (1997b) .
Regular observations of the LMC fields started on January 6, 1997 and covered about 4.5 square degrees of the central parts of the LMC. Reductions of the photometric data collected up to the end of May 2000 were performed with the Difference Image Analysis (DIA) package (Woźniak 2000,Żebruń, Soszyński and Woźniak 2001a) and variable stars candidates were published in the Catalog of variable stars in the Magellanic Clouds (Żebruń et al. 2001b) . The DIA photometry is based on the I-band observations. The catalog of variable stars contains about 53 000 stars in 21 fields of the LMC (Table 1) . Each star has at least 300 photometric measurements. The magnitudes of stars were transformed to the standard system . The errors of the measurements are about 0.005 mag for the brightest stars (I < 16 mag) and grow to 0.08 mag at 19 mag and to 0.3 mag at 20.5 mag.
Search for Eclipsing Binary Stars
The most common method of classification of variable stars is based on visual inspection of light curves, but when the number of stars to be examined is growing to thousands, it becomes very inefficient. Until now several attempts have been made to create an automated periodic variables classification. First method is examination of two dimensional projections of a multidimensional parameter space. Such an approach was applied by e.g., Ruciński (1993 Ruciński ( , 1997 , Szymański, Kubiak, , for contact binaries, Mizerski and Bejger (2001) for RR Lyr and W UMa stars, Udalski et al. (1999) for Cepheids. Expanded and improved versions of this method were also applied by all sky surveys, as ROTSE (Akerlof 2000) and ASAS (Pojmański 2002) to classify variables into several common variability types.
Another method applied in automated classifications includes neural networks and machine learning algorithms (e.g., Woźniak et al. 2001 ). We attempted to use an artificial neural network as a main classification tool to find eclipsing binaries among OGLE-II variable stars in the LMC.
Preparation of Photometric Data
We performed the search on about 53000 stars from 21 fields of the LMC, published in the OGLE-II catalog of variable stars (Żebruń et al. 2001b) .
First, all stars from the DIA catalog were checked for all kind irregularities in the light curve. This step allowed us to reject most non-periodic variables from the database. Next, all stars left (about 36 000) were searched for periodicity using AoV algorithm (Schwarzenberg-Czerny 1989) . Because photometric data span about 1500 days we searched for periodicities in the wide range of 0.1-500 days.
Before the main process of recognition of variability types was started, some additional preparation steps were performed. To use the neural network, we had to convert the light curves of all periodic stars in such a way that the differences between them were only caused by differences of variability type. The main problem was caused by the AoV algorithm which sometimes detects not the correct period, P , but 2 × P or P/2. Therefore we performed a Fourier decomposition of phased light curves and examined the ratio of the first two coefficients. We did not change detected period if the ratio indicated that the first harmonic dominates, and divided it by two in other cases. In this way we further processed all eclipsing variables phased with periods P/2, and all pulsating (sinusoidal and wide class of "saw shape" type) with their correct periods.
At the last stage before running the network recognition we found zero phase for each light curve and we mapped the light curve as a 70 × 15 pixel image. Examples of the projection of light curves are shown in Fig. 1 . 
Neural Network
Now, the variability type recognition problem becomes the image recognition problem, which we solved using artificial neural network. Fig. 2 shows schematically the structure of the network. We built three layers, one-direction, nonlinear neural network with logistic activation function. Input of the network was a 70 × 15 pixel image of the light curve, which was transformed to onedimensional line-by-line "image". Therefore we had 1050 input nodes in the Input Layer. Layers I, II and III (Output Layer) consisted of 150, 50 and 5 neurons, respectively. Number of neurons in each layer was chosen accordingly to the image recognition requirements.
We used error back-propagation algorithm for network learning. Neural network was constructed to recognize three main types of variable stars, according to their light curve shape: eclipsing, sinusoidal and saw-shape type. From the first LMC field (LMC SC1) we selected manually 10 examples of each type objects and presented them randomly to the network a few thousand times, until the mean network error was smaller than 10 −8 . After learning, light curves of all previously found periodical stars from all LMC fields were subject of the network analysis. The procedure allowed us to divide stars into main predefined types and exclude some artifacts and non-variable objects from the catalog. After this stage we could exclude the sinusoidal and saw-shaped variables and we were left with only about 3000 candidates for eclipsing variables. 
Detailed Classification of Eclipsing Variable Stars
In order to divide the obtained database of the eclipsing stars into subclasses we inspected visually light curves of all candidates. First, periods of eclipsing stars used in the network analysis were multiplied by two to obtain real periods. Then, the periods were tuned up to smooth the eclipse shape which is very sensitive to period inaccuracies. Similarly to the Fourth Edition of "General Catalog of Variable Stars" (GCVS: Kholopov et al. 1999) we divided detected eclipsing variables into three classical types, based on the shape of the light curve: EA (Algol type), EB (β Lyr type) and EW (W UMa type). For several stars dual classification (e.g., EB/EW) was chosen, because of difficulties with distinguishing between two classes. The most difficult classification problem was the separation between EB and EW classes. When the orbital period was about one day or less we usually assigned EW type. In the case of several stars their variability, classification or period are uncertain. Such objects are marked with additional remark as "uncertain".
By the visual inspection we excluded very uncertain objects and almost 200 light curves of probably ellipsoidal variables -stars with very low amplitude (about 0.1 mag) and in very wide range of periods. They were originally classified as eclipsing stars because the shape of their light curves revealed somewhat different depths of minima. The remaining part of ellipsoidal variables with clearly sinusoidal light curves were included in the "sinusoidal shape" class during neural network classification. However, in the case of some stars we were still unable to clearly distinguish between eclipsing and ellipsoidal variables. Therefore, they were also marked as ELL.
In the case of some objects additional variability of one or both components was superimposed on the clear eclipsing variability. These light variations could be caused by e.g., spots on binary system stars, high proper motion of the system (what is seen in the DIA method as a long term falling or rising tendency in the light curve, see Soszyński et al. 2002) or probably by pulsations of one of the binary components. The latter type systems containing Cepheids were already found in the LMC by OGLE (Udalski et al. 1999 ) and examined by MACHO Collaboration (Alcock et al. 2002) . All variables with additional, confirmed or only suspected, light curve changes are marked with "Puls" or "Puls?" remark, respectively. Additionally, we found 291 eclipsing variables with clear eccentricity effects visible in their light curves. They were marked with "ecc". In 20 cases we could not smooth both eclipses using the same period what suggests large appsidal motion. We marked these objects as "eccAP" and selected the period corresponding to the primary minimum.
Catalog of Eclipsing Binary Stars
In total 2580 eclipsing binary stars were found in the OGLE-II DIA catalog of variable stars in the LMC fields. List of the first 50 stars is presented in Table 2 . It contains the ordinal number of the eclipsing variable star, field, name of the star, orbital period, heliocentric Julian Date of the primary minimum (T 0 -2 450 000, corrected for position of the star in the driftscan image, as described byŻebruń et al. 2001b), V-band magnitude, B − V and V − I colors at maximum brightness from the standard OGLE-II data pipeline photometry, amplitude in the I-band from DIA photometry (depth of primary minimum) and eclipsing type. Color value of −99.99 stands for no observations in the B or V bands.
One should remember that the conversion of the DIA flux differences to the magnitude scale is not always accurate. In particular, in the case of severely blended objects the depth of the maxima can be unreliable, as the constant flux cannot be accurately determined. Nevertheless, such blends contain a real eclipsing star.
Among 2580 stars, 101 were identified twice in the overlapping regions between neighboring fields, so the total number of identified eclipsing binary stars is equal to 2681. List of all cross-identified objects is presented in Tables, light curves and finding charts of all 2681 eclipsing binary objects are available from the OGLE Internet archive and via the WWW Interface (Section 8).
We should stress that periods of several stars might be incorrect. First, period can be two times longer than the real one, because in some cases, the secondary eclipse of faint stars and for noisy light curves could not be reliably detected. Other possible period error, which was noticed during the visual inspection of light curves, was related with the AoV method. For stars with large eccentricity it triggered periods of 1.5 × P or 2.5 × P instead of the correct period P . We probably corrected most of such cases, but we cannot fully exclude that some of them are still in the catalog.
Discussion
We present 2580 eclipsing binary stars located in the central regions of the LMC. It is the largest number of eclipsing stars ever discovered in the LMC. We did not attempt to identifythe detected stars with previously discovered eclipsing binaries in the LMC, but it is obvious, that the vast majority of these objects are newly discovered systems, because other published catalogs contain only 79 (EROS: Grison et al. 1995) and 611 (MACHO: Alcock et al. 1997 ) objects. Very good quality of the DIA photometry is clearly visible in the light curves of presented stars. Also magnitude limit is low, as shown in Fig. 3 , which presents the histogram of the DIA I-band brightness for all eclipsing stars found in the LMC. Fig . 5 shows the histogram of orbital periods of the LMC eclipsing variables in 0.25 day bins from 0 to 10 days. Dashed, dot-dashed and solid lines correspond to classes EA, EB and EW, respectively and dotted line corresponds to all eclipsing objects. Additional 416 objects with periods longer than 10 days are distributed more or less uniformly and their number falls rapidly to zero at longer periods. The longest reliable period found among all objects equals to 251.096 days (LMC SC16 OGLE053725.90-700223.3), but there are two objects (LMC SC21 OGLE052052.41-700655.1 and LMC SC19 OGLE054310.48-703057.8), with only one or two eclipses observed, which periods can be even longer. However, these periods cannot be derived reliably with the present dataset.
The majority of stars are short period systems with the most frequent period of about 1.5 days. EA type is the most numerous class of eclipsing objects in the LMC. Its period distribution is characterized by a broad maximum at 1.5-2.5 days. Periods of stars from EB class are distributed with wide, flat maximum in the range of 1-2 days. The EW class is least numerous and has a maximum at periods of about 1 day. Distribution of the latter class is, however, severely biased because only long period tail of these objects from the LMC is bright enough to be in the range of the OGLE data. The remaining part of this class are foreground Galactic variables. Fig. 6 . presents I vs. V − I color-magnitude diagram for all eclipsing binary stars from the catalog. EA, EB and EW classes are marked with different symbols. Fig. 6 indicates, that almost all eclipsing stars belong to the LMC and there are only a few foreground systems. All three classes seem to be distributed uniformly over the CMD diagram.
In Fig. 7 we present CMD diagram for all eclipsing binary stars in the LMC, dividing stars into 4 groups depending on their periods: short, medium, long and very long. Each group is marked with different symbol. This plot was created similarly to the one for the eclipsing binaries found in the SMC (Fig. 3 in Udalski et al. 1998a) . Both figures indicate close similarities in the distribution in the CMD of the eclipsing binary stars from both Magellanic Clouds. The majority of short and medium period eclipsing stars belong to the young population located on the main sequence. Long period stars are located in the lower giant branch or on the right part of the main sequence, i.e., they are probably evolved main sequence stars. Very long period stars are mostly concentrated in the upper part of the red giant branch.
Completeness of the Catalog and Network Efficiency
Assessment of the completeness of our catalog is important for statistical studies of eclipsing binaries in the LMC. Fig. 3 , showing distribution of magnitudes of eclipsing objects, suggests that our sample should be complete to about I ≈17.5 mag. In general, the completeness is a function of magnitude, quality of photometry, period and other factors. We attempted to determine the mean completeness of our catalog by comparing objects detected in the overlapping regions of neighboring fields. Based on astrometric solutions, we checked, which of the de- tected eclipsing binary stars should have a counterpart in the neighboring field and compared these objects with actually detected stars. In total, 238 stars should be theoretically paired up. In practice 202 stars with pairs were found, yielding the mean completeness of our catalog equal to about 85%. However it should be noted that this is certainly a lower limit as the regions close to the edge of each field are affected by non-perfect pointing of the telescope leading to effectively smaller number of observations. Classification types and periods of paired stars were very similar to their counterparts, however we unified them to the values of star with larger number of observations. Fig. 8 presents the diagram of brightness of the system vs. log P for stars used in our test. Solid dots mark stars that were paired in the neighboring fields. Crosses show missed pairs. It can be seen that completeness is depending on brightness -most unpaired stars are fainter than I ≈ 17.5 mag. Histogram of brightness of all eclipsing binaries (Fig. 3) also indicates, that completeness is likely to be better than 90% for objects brighter than I < 17.5 mag and then it falls gradually to zero for stars fainter than I ≈ 20 mag.
We also used paired stars from overlapping fields to check the neural network efficiency. Among 238 stars which should be paired, we found 5 different stars rejected in our pipeline before entering the net, in most cases because of small number of observations. Consequently, only 233 of 238 objects entered the net, leading to only 228 to-be-paired objects. Because we found 202 paired stars, we checked 26 not paired objects and found that 10 of them were rejected by the network (0-class) and one was classified as a "saw-shape" object. Assuming, that the remaining 15 stars (i.e., 6%) passed correctly through the net, but were somehow misclassified or rejected during visual inspection, it gives 217 objects, which were correctly classified by the network. Compared to 228 objects entered, it yields about 95% neural network efficiency. It is worth noticing that the network behavior was "secure" in a sense that it was rather rejecting eclipsing variables than classifying them to wrong classes (one star of 228 gives probability of a mistake less than 1%).
Independently, we checked the network efficiency by visual inspection of all rejected stars (i.e., classified to 0-class) and found additional 146 candidates for eclipsing variables. Compared to 2681 eclipsing stars classified correctly, it yields again about 94% network efficiency. However, one should note, that these tests are only crude approximation and more advanced tests are needed to check neural network efficiency in more detail. Nevertheless, our results are very encouraging and confirm good performance of our algorithm based on artificial neural network. Therefore, it seems it could be applied successfully also in other implementations of automatic classification of variable stars.
Candidates for Distance Measurements
Selection of systems suitable for distance determination is one of the main and the most important applications of the catalog of eclipsing binary stars. The catalog contains large number of bright and well detached systems, suitable for spectroscopic study. From EA class, which corresponds to detached eclipsing systems, we selected 36 stars, which satisfied the following criteria: brightness in the I-band < 16 mag and depth of secondary minimum > 0.2 mag. Fig. 9 presents the diagram of the I-band brightness vs. secondary eclipse depth. The selection region is marked. Note that for a part of objects the depth of the secondary eclipse is deeper than 0.7 mag. For some very ellipsoidal stars this can be a real feature caused by ellipsoidal shape and gravitational darkening. For the others this is probably an artifact caused by crude determination of the depth by automatic procedure in the case of noisy photometry, nonaccurate transformation of the DIA flux differences to magnitudes in the case of blended objects and uncertain period (2 × P vs. P ). Table 4 contains main information about the selected stars: number of star in the catalog, field, identification, orbital period, heliocentric J.D. of the primary minimum (T 0 − 2450000) corrected for the position of the star in driftscan image, I-band magnitude, I-band amplitude (i.e., depth of the primary minimum), I-band depth of the secondary minimum, V − I color, B − V color and overlapping field if a given star is also present. Color value of −99.99 stands for no observations in the B or V bands. Appendix D presents the DIA I-band light curves of 36 selected stars. The ordinate is phase with 0.0 value corresponding to the deeper eclipse. Abscissa is I-band magnitude. Magnitudes at the top and bottom left are the brightness of the maximum and primary minimum, respectively. Period of the star is also given. Light curve is repeated twice for clarity.
All information about selected eclipsing binaries, light curves as well as finding charts can be found in the OGLE Internet archive and via WWW Interface (see below).
The Catalog in the INTERNET
The Catalog of eclipsing binary stars is available on-line through ftp and WWW from the OGLE Internet archive. The Catalog can be accessed via anonymous ftp at the following addresses: The Catalog will be regularly updated when the final set of the OGLE-II data is available and/or any errors, unavoidable in so large dataset, are found. The most recent version will always be available in the Internet from the above addresses. The Catalog will also be significantly extended when large enough number of epochs in the ongoing OGLE-III phase is collected. As the OGLE-III fields cover practically entire LMC the final version of the Catalog will include the vast majority of eclipsing stars from the LMC.
Summary
The catalog of eclipsing binary stars found during the OGLE-II project in the Large Magellanic Cloud is the largest set of such type variable stars. The catalog contains 2580 eclipsing stars of three main types EA, EB and EW. Its high completeness which was obtained by using automated search algorithm based on artificial neural network makes it very useful for many statistical analysis of the LMC stars. Very good quality of photometry and very long time-base of the OGLE-II observations allowed to obtain good quality light curves for most objects in the catalog and very accurate orbital periods. Additionally we selected a subsample of bright detached eclipsing systems suitable for distance determinations. With the high resolution spectra obtained with the largest 6-8 m class telescopes very accurate distance determinations to these objects should be potentially possible, allowing independent, accurate determination of the distance to the LMC.
